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Investigation of the Kinetics of Crystallization of

Molten Binary and Ternary Oxide Systems

Summary and Quarterly Status Report No. 10 - June 1, 1967 through February 29, 1968

Contract No. NASW-1301

SUMMARY

This report is based on the work done in the last nine month period of
Contract NASW-1301, June 1, 1967 through February 29, 1968. The contract
commenced on September 1, 1965 and other summary reports similar to this report
were issued September 30, 1966 and June 30, 1967 numbered UARL E910373-U4 and
UARL F910373-T, respectively.

In this nine month period one hundred and fifteen additional glass making
compositions were prepared, melted, and partially characterized making the total
of original glass formulations studied under this program two hundred and sixty-
five. New glasses prepared may be thought of as belonging to one or another of
five glass fields. Cordierite-rare earth compositions similar to those of our
earlier reports form the first glass system but in our recent studies emphasis
has been placed on lowering the silica content, the liquidus temperature and the
density while increasing the working range without sacrificing the 16 to 18
miliion psi modulus previously achieved in this system. The second glass field
investigated is that of the calcium-aluminate glasses of the type pioneered by
the National Bureau of Standards and improved by the Bausch & Lomb Optical
Company. These glasses are known to have moduli and the UARL contribution has
been to substitute the very high-modulus factor rare earths where possible. The
third glass system comprises the Morey-type optical glasses known to have the
highest moduli of any known glass system and here emphasis has been placed on
decreasing the density in order to achieve a useful specific modulus. Stevels
"invert" glasses form the fourth region of our investigation. These glasses since
they were developed for electrical characteristics are generally considered to be
low moduli glasses but here we have been able to make rapid progress in increasing
the modulus by adding ions with high-field strengths to these glasses in place of
some of their usual constituents. The fifth area of glass composition research
consisted of calcium aluminosilicate glasses lacking polarizable oxygen ions and
which have, therefore, high moduli where we have concentrated on substituting
other high-field strength ions to note the effect achieved.

An examination of the composition of most of the common glasses of commerce
and antiquity would show that they usually have 64 or higher weight percent silica
while the glasses of the five groups above have at the most twenty to forty weight
percent silica and may even have no silica component in many cases. These experi-
mental glasses, while still forming the brilliantly transparent material we think
of as glass, have markedly different forming characteristics with sharply in-
creased tendencies to devitrify or revert to crystalline masses. For this reason,
the study of the kinetics of crystallization of molten oxides forms an essential



G918373-10

portion of this program. These studies carried out by direct microscopic obser-
vation of the molten glasses held in a microfurnace have shown that rare-earth
additions such as lanthana, ceria and yttria impede and slow down devitrification
confirming the basic reasoning of this program that the best criteria for the
likelihood of glass formation in a given system is to treat it as a rate phenom-
enon as taught by R. W. Douglas.

An unexpected major gain of the necessity of adding rare-earths to the oxide
systems to retard devitrification has been that these mgterials were found to
make the highest contributions to Young's modulus per each mol percent added.

For example, one mol percent of lanthana contributes 22.4 kilobars compared to

T.3 kilobars per mol percent contributed by silica while yttria contributes as
much as 24.3 kilobars per mol percent even though crystalline yttrium oxide has

a density less than twice as great as crystalline silica. Compositions based on
these concepts have yielded glass fibers with a value of 16.8 million psi for
Young's modulus when measured by mechanical testing or 18 million psi if evaluated
by sonic techniques.

Since the measured value of Young's modulus has been proven to be very nearly
independent of forming conditions, processing variables, and small inclusions in
prior glass fiber research, such moduli measurements are used as the principal
method of evaluating new glass compositions. In this period it was found that
samples suitable for modulus determinations could be easily formed by drawing
molten glass into fused silica tubes using a hypodermic syringe to supply con-
trolled suction. This simplified technique greatly expedites comparative glass
composition research while reducing expenses.

An equally important attribute of glass fibers is their strength. But in
contrast to Young's modulus, the strength of a glass fiber is very strongly
dependent on forming conditions and processing variables. The very greatly
simplified fiber-pulling apparatus at UARL has proven hopelessly inadequate for
meaningful strength evaluvations and the only apparent solutions are the procure-
ment of a standard commercial fiber bushing at an early date or alternately the
evaluation of the UARL experimental glass compositions at a laboratory possessing
such equipment.

INTRODUCTION

This is the tenth gquarterly status report and the third summary report for
Contract NASW-1301 named "Investigation of the Kinetics of Crystallization of
Molten Binary and Ternary Oxide Systems'. The tenth quarter started December 1,
1967 and ended February 29, 1968 and formed the third quarter of the second nine
month extension to the contract, an extension running from June 1, 1967 through
February 29, 1968 and for which the results are summarized in this report.



-

G910373-10

The primary objective of this contract is to gain a better understanding of
the essentials of glass formation by measuring the rate at which crystallization
occurs and the effect of anti-nucleating agents on the observed crystallization
rate for systems which tend to form complex three-dimensional structures. The
molten oxide systems selected for study, the reasons for their selection, and
the methods used to prepare them form the first major section of this report.

Determination of the crystallization rate may be carried out by continuously
monitoring the viscosity and electrical conductivity of the molten system as a
function of time and temperature with checks of surface tension at selected
temperatures. In this nine month period, however, crystallization rates were
primarily determined by direct microscopic examination of samples in a micro-
furnace as deseribed in our latest summary report, UARL F910373-T7. This work
has largely confirmed the viewpoint that the probability of whether or not a
glass will form is to be regarded as a rate phenomenon with the probability of
glass formation greatly increased by employing cooling rates high enough to defeat
the formation of the complex many-atom three dimensional molecule. This view of
glass formation justifies the consideration of oxide systems previously thought
impractical and allows the search for systems which may yield high strength,
high modulus glass fibers tc be carried out on an unusually broad basis, The
results of the microscopic observations form the second major section of this
report.

Characterization of the experimental glasses produced as bulk specimens is
the subject of the third large section of the report. Such characterization is
largely achieved by measuring the density, studying the fiberization qualities,
and determining Young's modulus for bulk samples of the experimental glasses.
Prior to this report period specimens for measuring Young's modulus of bulk glass
were made by first casting a glass slab and annealing it and then cutting rec-
tangular bars from the slab by precision grinding equipment. This relatively
elaborate, expensive, and time consuming procedure can now be supplanted by a new
method of preparing modulus samples developed in this report period. In this
new method it was found that samples suitable for modulus determinations could bhe
readily formed by drawing molten glass into fused silica tubes using a hypodermic
syringe to supply controlled suction to the molten glass. Description of this
method and its use to evaluate the effect of annealing the glass is also included
in the third report section.

C. J. Phillips (Ref. 1) has described a method for calculating Young's modulus
from the composition of both simple and complex silicate glasses when the content
of each oxide is expressed in mol percent. BFach oxide is given a coefficient
which may be typically 7.3, 12.1 and 12,6 kilobars per mol percent for 8105,

Al1-03, and Cal respectively. The numerical value of the elastic constant is the
sum of terms formed by multiplying the mol percentage of the constituent by its
mol factor and agreement to within 1_0.3% between observed and measured moduli

are obtained for thirty-five well defined glasses. Unfortunately, coefficients
were not available for many of the components of the UARL experimental glasses.
However, using the measured moduli for bulk specimens of these experimental
glasses, the Phillips method has been extended to include oxides such as ceria,
lanthana, and yttria and corrections have also been made to the Phillips factors
for beryllia and zirconia while the factor for magnesia has been revised to include
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the zero alkali content glasses of the present investigation. There is no reason
apriori to assume that these calculations based on silicate glass systems can be
readily extended to non-silica glasses such as the calcium aluminates. In fact,
as 1s shown in the third section, the UARL attempts to extend such calculations
to the calcium aluminates result in expecting a value for Young's modulus for
these glasses which is considerably too high but since the differences between
measured and experimental moduli is constant, it seems probable that with suffi-
cient experimentation to provide complete new moduli factors for the constituents
the calculation could be readily extended to this glass system as well,

The fourth large division of the report is concerned with the characterization
of mechanically drawn glass fibers. Here it is shown that characterization of
these fibers through measurement of their elastic modulus essentially presents no
serious problem since such measurements are not drastically affected by forming
conditions, process variables, inclusions except that these factors exaggerate
the statistical error inherent in such measurements. The measurement of the
strength of the virgin fiber is shown to be just the converse since all processing
alterations, changes in forming procedures, and inclusions greatly alter the
measured value of the strength.

SELECTION AND PREPARATION OF GLASS SYSTEMS
FOR PRELIMINARY EVALUATION

One hundred and fifteen additional glass compositions were prepared, melted
and partially characterized making the total of original glass formulations
studied under this program two hundred and sixty-five. The new glasses prepared
may be thought of for the most part as belonging to one of five glass fields.

The first of these glass fields is that of the cordierite glass system to
which rare earths have been added as major constituents. Cordierite or
MgoAl)Sis01g is a three dimensional ring former as discussed in earlier UARL
reports ?UARL E910373<Lk) and these glasses include major quantities of one of
the rate earths such as lanthana, ceria, or yttria, which as shown in the following
section, actively delay the onset of devitrification in these cordierite glasses
while at the same time increasing their elastic modulus as shown in the third
section of this report. These glasses occur throughout Table I while forming
the whole of sub-tables Ia, Ib and Tk, It will be noted that other ingredients
are added to lower the liguidus, the density and the silica content while
increasing the working range and hopefully not lowering the elastic modulus of
sixteen to eighteen million psi common to this system.

The second field of glass compositions melted may be called the calcium-
aluminate series as developed by the National Bureau of Standards and the Research
Laboratory of the Bausch & Lomb Optical Corporation. UARL has examined very few
of these glasses at this time because of the extensive research by others in this
area. As shown in Table I, glasses 217, 218, 219, 220, 221 have been prepared
from compositions known to exist in this area so as to give UARL direct compara-
tive information on this type of glass. These glasses are unique in that they
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Actual Ingredient

Silica

Alumina

Magnesia

Rare Barth Oxalate 381
Yttrium Oxalate
Lanthanum Oxalate
Cerium Oxalate
Samarium Oxalate
Tantalum Oxide
Chromium Oxide
Vanadium Oxide

Silica

Alumins

Magnesia

Rare Earth Oxalate 381
Yttrium Oxalsgte
Lanthanum Oxalate
Cerium Oxalate
Samarium Oxalate
Tantalum Oxide
Chromium Oxide
Vanadium Oxide

Silica

Alumina

Magnesia

Rare Earth Oxalate 381
Yttrium Oxalate
Lanthanum Oxalste
Cerium Oxalate
Samarium Oxalate
Tantalum Oxide
Chromium Oxide
Vanadium Oxide
Calcium Carbonate
Lithium Carbonate
TiOs (not rutile)

New Experimental Glass Batches
Actual Ingredients in Grams

151

216.5
45,2
107.3

351.5

161

219.0
k2,75
71.85

368.0

TABLE Ia

152

193.5
Lo.6

95.9

162

193.5
40.6
95.9

368.0

23

19L.6
%0.6

154
189.0

-~
\J1
\J1
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Actual Ingredients

Silica

Alumina

Magnesia

Calcium Carbonate
Yttrium Oxalate
Lithium Carbonate
Ti0, (not rutile)
Cerium Oxalate
Vanadium Pentoxide
Samarium Oxalate
Lanthanum Oxalate

Silica

Alumina

Magnesia

Calcium Carbonate
Yttrium Oxalate
Lithium Carbonate
TiO» (not rutile)
Cerium Oxalate
Vanadium Pentoxide
Samarium Oxalate
Lanthanum Oxalate

Silica

Alumina

Magnesia

Calcium Carbonate
Yttrium Oxalate
Lithium Carbonate
TiOy (not rutile)
Cerium Oxalate

Vanadium Pentoxidé

Samarium Oxalate
Lanthanum Oxalate

New Experimental Glass Batches
Actual TIngredients in Grams

166

208.0
157.0
49.5

TABLE TIp

161

157.5
82.3
32.35

46.95

525.0

168

176.1
92.6

36.15

343.0
67.0

39.4
56.5

317.0

169

129.7
100.5
38.35

468.0

S g

56.6

——

i

17k
155.8

119

1ok.0

L 6

498.0

181

31.1
105.5

259.5
31k4.0

36.65
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Actual Ingredient

Silica

Alumina

Magnesia

Calcium Carbonate
Yttrium Oxalate
Cerium Oxalate
Samarium Oxalate
Lanthanum Oxalate
Vanadium Pentoxide
Zirconium Carbonate
Titania

Lithium Carbonate
Rare Earth Oxalate

Silica

Alumina

Magnesia

Calcium Carbonate
Yttrium Oxalate
Cerium Oxalate
Samarium Oxalate
Lanthanum Oxalate
Vanadium Pentoxide
Zirconium Carbonate
Titania

Lithium Carbonate
Rare Earth Oxalste

TABLE Ic

New Experimental Glass Batches

Actual Ingredients in Grams

182 183
148.0 145.8
— 30.9
7,2 40.3
86. 54,6
372.0 367.0
43,5 42,8
56.0 55,2
8.45 8.39
ok, 6 24,3
22.7 22.3
188 189
193.5 174.3
Lo,k 36.5
79.7 72.1
313.0 ——
—— 332,0
70.75

104

128.0
4o ,1
T7.2
38.8

389.0
50.0

7.55
21.9
20.3

185 186
130.0 128.7
27.6 ——
36.0 41.3
48,8 81.1
38.7 37.9
— 401.0
382.0 _—
4o, 2 48.9
T7.37 ————
21.6 21.5
20.0 19.8
191 192
174k 174.3
36.6 36.5
72,2 72.2
330.0 —_——
6h.0 6k,0
_— 331.0
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Actual Ingredient

Lanthanum Oxalate
Thoria

Barium Carbonate
Fused B203

Tantalum Pentoxide
Vanadium Pentoxide
Yttrium Oxalate
Zirconium Carbonate

TABLE Id4

New Experimental Glass Batches
Actual Ingredients in Grams

194 195 196 197 198
2225 268.5 _— _— —
Lo.0 5L L 59.8 67.0 60.0
57.5 75.5 82.0 92.8 7.2
110.0 143.8 156.3 177.0 150.0
65.0 76.2 82.7 — 90.0
— 43.9 W77 54.0 —_—
—_— — 248.5 282.0 374.0
—— —— —_— 28.65 ——

89.7
17k.0

e

L1k, o
28.8
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Actual Ingredient

Silica

Alumina

Magnesia

Yttrium Oxalate
Lanthanum Oxalate
Cerium Oxalate
Calcium Carbonate
Barium Carbonate

Silica

Alumina

Magnesia

Yttrium Oxalate
Lanthanum Oxalate
Cerium Oxalate
Calcium Carbonate
Barium Carbonate

TABLE Ie

New Experimental Glass Batches

Actual Ingredients in Grams

200

165.5
78.2
66.

208.0

2k3.0

206

185.0
83.9

372.0

16h.2

201

165.7
78.1
66.0

207.5

202

15kh,7
73.0
61.7

ey s

226.0

203 204
212.6 201.3
101.2 97.6
499.0 478.0

- 46.8

209 210
172.5 154.8

81.9 73.2

69,2 61.8
367.0 —

— 378.0

8L.8
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Actual Ingredient

Silica

Aluminag

Magnesia

Yttrium Oxalate
Lanthanum Oxalate
Cerium Oxalate
Calcium Carbonate
Barium Carbonate

TABLE If

New Experimental Glass Batches
Actual Ingredients in Grams

211 212
381.0 . 321.0
154.0 257.0

10
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TABLE Ig

New Experimental Glass Batches
Actual Ingredients in Grams

Actual Ingredient 213 21k
Silica 197.0 323.0
Alumina 13.6 55.0
Magnesia —— 123.0

Caleium Carbonate —— —
Barium Carbonsate

Lanthanum Oxalate 627.0 : —
Cerium Oxalate —_— —_——
Yttrium Oxalate _— _———
Titania (not rutile) —_— —
Zirconium Carbonate — —

11
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Actual Ingredient

Silica

Alumina

Magnesia

Calcium Carbonate
Barium Carbonate
Lanthanum Oxalate
Cerium Oxalate
Yttrium Oxalate
Titania (not rutile)
Zirconium Carbonate

TABLE Th

New Experimental Glass Batches
Actual Ingredients in Grams

215 216 217 218
224, 0 33.0 —_— 63.3
— 173.0 178.5 156.3
22.6 — — —
287.0 515.0 528.0 458.,0
35.3 -_— 32.2 31.8
73.0 — —_— _—

L6.6 _— —_— _

12
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Actual Ingredient

Sodium Carbonate
Potassium Carbonate
Calcium Carbonate
Alumina

Magnesia

Barium Carbonate
Lanthanum Oxalate
Ferric Oxide

Silica

Tantalum Oxide
Fused Boric Oxide
Thoria

Zirconium Carbonate
Titania (not rutile)
Lithium Nitrate
Yttrium Oxalate

TABLE Ti

New Experimental Glass Batches

Actual Ingredients in Grams

13

220

k2.9
14,6
388.0
192.3

13.k4

17:2

1k.5
6.7

16.

221

44,8
15.3
L06.0
201.5
1k.0
18.0
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Actual Ingredient

Sodium Carbonate
Potassium Carbonate
Calcium Carbonate
Alumina

Magnesia

Barium Carbonate
Lanthanum Oxalate
Ferric Oxide

Silica

Tantalum Oxide
Fused Boriec Oxide
Thoria

Zirconium Carbonate
Titania (not rutile)
Lithium Nitrate
Yttrium Oxalate

Sodium Carbonate
Potagsium Carbonate
Calcium Carbonate
~Alumina

Magnesia

Barium Carbonate
Lanthanum Oxalate
Ferric Oxide

Silica

Tantalum Oxide
Fused Boric Oxide
Thoria

Zirconium Carbonate
Titania (not rutile)
Lithium Nitrate
Yttrium Oxalate

TABLE Ij

New Experimental Glass Batches

Actual Ingredients in Grams

222

76.

h23.

8

3

1k

8. L
200.0
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Actual Ingredient

Silica

Alumina

Magnesia

Yttrium Oxalate
Cerium Oxalate
Vanadia

Lanthanum Oxalate
Cobaltous Carbonate
Calcium Carbonate
Lithium Carbonate
Zirconium Carbonate

Silica

Alumina

Magnesia

Yttrium Oxalate
Cerium Oxalate
Vanadia

Lanthanum Oxalate
Cobaltous Carbonate
Calcium Carbonate
Lithium Carbonate
Zirconium Carbonate

Silica

Alumina,

Magnesia

Yttrium Oxalate
Cerium Oxalate
Vanadia

Lanthanum Oxalate
Cobaltous Carbonate
Calcium Carbonate -
Lithium Carbonate
Zirconium Carbonate

TABLE Tk

New Experimental Glass Batches
Actual Ingredients in Grams

231 232 233 234 235
160.0 173.5 203.5 161.25 201.0
9h,65 81.85 91.9 59.5 68.1
96.35 69.15 7.8 70.6 80.9
Lh02.0 364.0 20k,5 366.0 403.0
—_— 85.0 ——— 16k.5 —
——— —— 50 . "( e e i
236 237 238 239 2ko
157.2 175.8 185.0 122.5 11k, 7
92.9 99.4 10k4.6 138.5 126.7
73. 78.6 82.7 117.7 110.2
367.0 394,0 206.5 205.0 —
85.7 — e 97.0 314.0
—_— _— 51.3 — —
2h1 2h2 243
11k.9 33.2 2k L
129.9 156.2 123.5
110.3 - 8.2
—_— —— 305.0
— 155.3 143.0

— 35.4 32.5
——— 256.0 21k, 0
— 16.4 —

— — 28.1

15
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Actual Ingredients

Silica

Alumina

Lithium Carbonate
Caleium Carbonate
Zinc Carbonate
Magnesia

Yttrium Oxalate
Lanthanum Oxalate
Calcium Fluoride

Silica

Alumina

Lithium Carbonate
Calcium Carbonate
Zinc Carbonate
Magnesia

Yttrium Oxalate
Lanthanum Oxalate
Calcium Fluoride

TABLE Il

New Experimental Glass Batches
Actual Ingredients in Grams

2k 28 2k 250
197.0 172.0 147.3 195.5
100.2 108.4 116.5 99.35
72.6 78.3 8h.2 48.0
98.7 106.5 114.0 97.5
122.5 133.5 143.0 122.0
39.7 42,9 L6.0 52.35
253 25k 255 256
97.6 158.1 136.6 147.7
132.5 — -_— 4.9
95.9 53.5 50.4 5k.6
130.5 79.2 68. _—
163.2 98.7 85.3 92.2
52.4 31.9 27.5 29.7
_— 476.0 _— LLh6.0
— — L79.0 —_—

16
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Actual Ingredient

Silica

Alumina

Lithium Carbonate
Calcium Carbonate
Zinc Carbonate
Magnesia

Yttrium Oxalate
Lanthanum Oxalate
Calcium Fluoride

TABLE Im

New Experimental Glass Batches
Actual Ingredients in Grams

258 259
262,0 254 .5
112.0 109.0
81.2 -

60.5 59.0
20.0 78.0

Expected to melt
in range
1080°C 1170°C
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Actual Ingredient

Silica

Alumina

Lithium Carbonate
Calcium Carbonate
Zinc Carbonate
Magnesia

Yttrium Oxalate
Lanthanum Oxalate
Calcium Fluoride

TABLE In

New Experimental Glass Batches
Actual Ingredients in Grams

260 261
310.0 310.0
75.0 92.5
206.0 89.2
- AT.5

Expected Melting
Temperature
1170°C 1222°C
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contain little or no silica and their existence is usually explained by stating
that in the Ca0-Al503 in a small composition range around the composition:
12Ca0.TA1p03 the liguidus temperature drops to approximately 1400°C, a temperature
so low that 1t is stated that the energetics do not permit nucleation so that a
glass results. This great lowering of the melting point is in stark contrast to
the figure of 2072°C at which Al,05 melts or 2614°C at which calcia melts and both
of these latter figures are stated to be sufficiently high to permit nucleation

so that neither member compound in a pure state is capable of glass formation.

The calcium-aluminate glasses are known to have high moduli but also have very
poor working characteristics and are difficultly fiberizable. UARL efforts in
this area will include the addition of high modulus factor oxides to such melts
together with materials to improve working properties.

The third area of glass compositions under investigation at this time are
those of the Morey Eastman-Kodak optical glasses. These glasses cited in the
patents of G. W. Morey, L. W. Eberlin, and P. F. DePaolis are known to have by
far the highest Young's modulus although accompanied by high densities as well.
They have not previously been evaluated in connection with glass fiber research.
From the point of view of constitution, these glasses are stated by Weyl to be
of fundamental importance because they are not based on a major constituent that
can form a glass by itself. The UARL experience in this area is again limited
at this time to learning to melt a few typical compositicns such as those glasses
shown in sub-tables Id and Ij as well as to investigate the problems in
fiberizing such glasses. If we can handle these glasses successfully, obvious
directions exist for markedly decreasing the density without adversely affecting
the modulus so that high specific moduli may be achievable in this system. As
of this time, however, the forming characteristics of these glasses are a for-
midable obstacle.

The fourth area of glass research is that of "invert' glasses using a concept
developed by J. M. Stevels and his associates who found in 1954 that by proper
combination of oxides, stable metasilicate glasses could be obtained. A typical
example cited by Stevels is 50 mol % 5i0p and 12,5 mol % of each of the following:
Nas0, K50, CaO, BaO0. Dr. Stevels explains this "anomalous" case of glass forma-
tion by saying "choosing a batch with a great number of network modifiers the
'glue' between the chains is to irregular that crystallization is prevented"
obviously by using a combination of alkali oxides and a combination of alkaline
earth oxides, the liquidus temperature can be lowered and the field of glass
formation can be increased.

Weyl states further that Trap & Stevels characterize the coherence of a
silicate glass by a structural parameter Y, which denotes the average number of
bridging ions per SiOh tetrahedron and is calculated from the expression

200
Y =6 - —g—' where p = mol % Si0,

so that when p = 33—1/3, Y = 0 and the S5i0), groups are isolated; when p = L0%,
Y =1 and on the average 5i0) groups appear in pairs. Commercial silicate
glasses have Y values between 3.0 and 3.5 in agreement with the Zachareisen rules
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for stable glass formation that a stable silicate glass should consist of Si0O)
tetradedra sharing at least three of their corners with other Si0;, tetradedra.
On the other hand the "invert'" glasses developed by Trap & Stevels have Y values

lower than 2.0 in direct contradiction of the accepted rules for stable glass
formation.

When the glass composition is changed to lower and lower 810, concentrations,
Trap & Stevels found that some properties go through maxima or minima such as the
thermal expansion, the electrical deformation loss, and the viscosity which go
through extreme values when the parameter Y passes the value of 2.0. It is the UARL
feeling that the modulus of elasticity will likewise reach a decided maximum.
UARL, however, has worked extensively with the "invert" glasses in the first
eight quarters of this contract without achieving any marked change in modulus
until the last two quarters when a sixty percent increase was achieved. Typical
"invert" glasses studied are shown in sub-table.Il.

The final class of glasses under investigation currently are calcia alumino-
silicate glasses lacking polarizable oxygen ions. Such glasses are known to have
high elastic moduli and high softening points and by incorporating additional high
modulus-factor oxides such as lanthana and yttria in these glasses, significant
improvements in modulus should be possible. Glasses 206 and 260 are typical
examples. Typically, once a composition has been selected, 500 gram batches of
raw materials are melted in high purity (99.9%) alumina crucibles in air using
kilns with Super-Kanthal hair-pin electrical resistance elements. Starting
materials used are 5 micron particle size, high purity silica, high purity
alumina of 325 mesh, laboratory reagent grade magnesium oxide, 99.9% lanthanum
oxalate, and other comparable materials such as reagent grade calcium carbonate
or zinc carbonate. These materials customarily yield a water-white optical grade
glass free of seed, stone, and bubbles when properly compounded and held at
temperatures of 1450-1650°C for at least two hours. Less commonly glasses may be
prepared in beryllia crucibles again in air and in the kiln or in platinum crucibles
in air or in tungsten crucibles in purified argon or vacuum atmospheres. Alumina
crucibles of even very slightly lower purity, i.e. 99.3 to 99.7% cannot be used
successfully in melting these high temperature glasses.

USE OF THE MICROFURNACE FOR DIRECT OPTICAL OBSERVATION
OF THE KINETICS OF CRYSTALLIZATION

The direct microscopic observation of the kinetics of crystallization of
crystals originating in high temperature molten oxide systems are carried out on
a microfurnace described in our last summary report, F910373-T7. In this period
this equipment was used for rate determinations for cordierite glass batches
containing the rare-~earth additive lanthanum and soda-lime aluminosilicate
glasses. The results obtained are as follows. '
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The rate of growth of cordierite was measured in glass batch No. 62. The
composition of this glass, as determined by chemical analysis, is 53.41 wt % SiO,,
25.06 wt % Alp0g, 15.36 wt % MgO, and 5.63 wt % Cep03. The oxidation state of the
cerium ion in this glass was not determined, but is reported here as CepO3. The
crystal growth-rate data obtained for this glass are listed in Table Il and are
plotted in Fig. 1. It can be seen from Fig. 1 that the maximum rate of growth of
cordierite in this glass is about 115 microns per minute; that appreciable rates
of crystal growth begin at about 1000°C, and that the liquidus temperature is
1370 + 5°C. The maximum growth rate of 115 microns per minute is about one-
fourth that measured for batch 1 (485 microns per minute), but is approximately
twice that of batch 63 (66 microns per minute) which contains 5.6 wt % Lap03.

This glass becomes less transparent at higher temperatures, which may be due

to a change in the oxidation state of the cerium ion. Upon cooling to lower
temperatures, the glass becomes more transparent again. This change in transparency
is not so great as to impede the crystal growth measurements. The cordierite

which was grown in this glass was nucleated with seed crystals of cordierite,

Just as in our preceding work. The devitrification product in this glass was
determined to be cordierite by means of powder X-ray diffraction.

Another feature of interest which can be observed in Fig. 1 is that the high
temperature end of the curve approaches the liquidus temperature asymptotically
Just as in our other growth-rate curves for cordierite., This means, of course,
that the rate of growth is not continuous with the rate of solution as the curve
passes through the liguidus temperature, but that instead there is a more or less
pronounced change in slope. This conflicts with the data of Swift (Ref. 2), which
were obtalned on soda-lime-gluminosilicate glasses. - His measurements were made by
two different methods, but essentially consisted of heating the glass for certain
periods of time, then removing it from the furnace and measuring the changes in
crystal length microscopically by using a micrometer ocular. Because of the
discrepancy between our results and those of Swift, it was decided to attempt to
reproduce the data of Swift by using the same glass composition as used in his work,
but by using our microfurnace, with our methods of measurement. Accordingly, a
soda~lime-aluminosilicate glass was prepared in a 60 gram batch. This glass was
melted in a platinum crucible at approximately 1300°C for 30 min, then removed
from the furnace and stirred with a platinum-20% rhodium stirring rod until the
glass became too viscous for further stirring. The glass was reheated and stirred
in this manner four more times. The stirring rod remained in the crucible during
the reheating and stirring operations, so that no glass was removed from the cruci-
ble during the mixing procedure. The composition of Swift's glass was 69 wt % 5i0s,
17T wt % Najs0, 12 wt % CaQ and 2 wt % Aly03. A chemical analysis of a portion of
our glass gave a composition of 69.46 wt % SiOp, 16.78 wt % Nao0, 11.48 wt % CaO,
and 2.14 wt % A1203. The measurements of the rate of crystal growth were measured
in our usual manner, the crystals being nucleated with seed crystals of devitrite.
The devitrification product was identified as devitrite by powder X-ray diffraction.
The sample for the X-ray diffraction analysis was obtained by allowing glass con-
tained in a micro-crucible to crystallize for 14 hrs at 925°C, a temperature near
which the highest crystal growth rate occurs. A rather weak diffraction pattern was
obtained for this sample, but the pattern contained all of the diffraction lines
for devitrite (Na20a38i6018) except for a few of the less intense lines. Some of
the intensities on our pattern do not match those from the ASTM card; this may be
due in part to the difficulty in estimating the intensities of our rather weak
pattern. Because of this discrepancy in intensities, the X-ray diffraction data
are presented in Table ITIT,
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*

10

Growth Data for Cordierite in Batch 62

Temp.

1309 + 2
1369 + 5
1372 + 3
1172 + b
1285 + 3
134k + 2
1363 + 3
1328 + 3
1270 + 2
9Tk + L

Table II

Rate
16.1
0 in 60 min
-2.5
100
59

2.5

8.5

101

22

12

13

1k
15
16
17
18

19

Temp.

1256 + 3
1300 + L
1210 + b
1107 *+ 3
11h3 + 2
1053 + 2
1291 + 3
1238 + 3
1069 + k

Rate
11k
L8
115
Lo
N
15
29.7
117
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G910373-10 FIG. 1

EFFECT OF TEMPERATURE UPON THE RATE OF GROWTH
OF CORDIERITE IN BATCH 62
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Table IIT

X-Ray Diffraction Data for Devitrites

Na20a3Si6Ol6(ASTM) Devitrification NaQCa3Si6Ol6(ASTM) Devitrification

Product Product

4 / I a / I a / I a _/ I

9.88 1h ' 2.390 6

4,76 25 4.75 M 2.316 1k 2.32 W=
h,16 20 L.15 M+ 2.251 8 2.25 W=
3.82 25 3.83 W 2.225 8

3.30 60 3.30 S 2.159 8 2.16 W=
3.23 30 3.23 W+ 2.138 6

3.09 55 3.08 W 2.063 12 2.06 W=
2.983 L5 2.97 S 2.030 1k 2.03 W=
2.915 25 2.91 W~ 2.00kL 6

2.836 8 2.84 W- 1.968 L

2.773 100 2.76 M- 1.951 L

2,664 12 2.65 W 1.930 L

2.55h 10 2.55 W~ 1.881 18 1.88 W
2.509 6 1.8k2 1k 1.8k W
2.473 6 2.48 W- 1.809 18 1.80 S
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The crystal growth-rate data for our soda-lime-aluminosilica glass: are pre-
sented in Fig. 2 and are listed in Table IV. Also shown in Fig. 2 is the growth-
rate data of Swift for a glass of the same composition and the data of Milne
(Ref. 3) for a glass of nearly the same composition, the main difference being
that silica is substituted for the alumina, so that Milne's glass contains T2
wt % Si0p, 16 wt % Nag0O, and 12 wt % Ca0. Our data, and that of Swift and Milne
(when extrapolated) give very nearly the same liquidus temperature, and it appears
that the data would alsoc agree if extrapolated to the temperature {about 750°¢C)
where measurable crystal growth begins. Our rate of solution measurements are
also in very close agreement with those of Swift. The most important differences
are that different maximum rates of growth are obtained, and that our rate of
growth curve is not continuous with the rate of solution curve through the liquidus
_ temperature but instead exhibits a change in slope in this region. The high
temperature end of our growth-rate curve and that of Milne (which is presumably
for the rate of growth of devitrite) can be fitted to a straight line in this
temperature region, but since no rate of solution measurements were plotted by
Milne, no further comparison is possible regarding the shape of the rate of devit-
rification curve. A further examination of devitrification curves as obtained
by Swift and replotted here is possible by reference to Fig. 3, which includes
data for 3 glasses with 0, 2, and 4 wt % Alp0, substituted for silica. The glass
with 2 wt % Al503 is the same as that shown in Fig. 2. It can be observed in
Pig. 3 that the data used to draw the curves are fewer in number than those obtained
in our work and by Milne. Tt should also be noticed that the low temperature
end of the curve for the 2 wt % Alo03 glass is concave upward, while any such
curvature for the 0 and 4 wt % A1o03 glasses is much less pronounced. All of
our cbservations indicate that there may be at least two types of devitrification
curves, one exemplified by our results on the soda-lime-aluminosilica glass. -
and the other by the data obtained on the cordierite-composition based glasses.

In the former, the high temperature end of the curve can be fitted to a straight
line, which may have a more or less pronounced change in slope as the curve passes
through the liquidus temperature. In the other type of curve, the high temperature
end of the curve is not linear with temperature, and there is an asymptotic approach
to the liquidus temperature. The data obtained for these cordierite composition
based glasses contain much more scatter than do the data obtained on the soda-
lime-aluminpsilica glasses, which were taken at much lower temperatures. The
difference in the liquidus temperatures is 350 to L00°C.

These soda-lime-aluminogilicate glasses have maximum growth rates for